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Activation of class II gene transcription may involve alleviation of
transcription repression as well as stimulation of the assembly and
function of the general RNA polymerase (RNAP) II transcription
machinery. Here, we investigated whether activator-reversible
transcription repression by NC2 (Dr1yDRAP1) contributes to max-
imum induction levels in unfractionated HeLa nuclear extracts.
Surprisingly, we found that depletion of NC2 does not significantly
affect basal transcription, but dramatically reduces activated tran-
scription. Immunoblot analyses revealed that the loss of activator
function coincides with selective removal of the C-terminal domain
(CTD)-hyperphosphorylated RNAP IIO along with NC2. Coimmuno-
precipitation experiments with purified factors confirmed that NC2
interacts with RNAP IIO, but not with the unphosphorylated or
hypophosphorylated RNAP IIA or CTD-less RNAP IIB forms. Finally,
we demonstrate that, in contrast to previously published obser-
vations in cell-free systems reconstituted with purified factors,
only the CTD-phosphorylated form of RNAP II can mediate activa-
tor function in the context of unfractionated HeLa nuclear extracts.
These findings reveal an unexpected link between NC2 and tran-
scription activation and suggest that regulation of RNAP II tran-
scription through reversible CTD phosphorylation might be more
complex than previously proposed.

Eukaryotic activators of RNA polymerase (RNAP) II-
mediated transcription exert their function by stimulating the

assembly andyor the function of the general transcription factor
(GTF) machinery (1–3). Recent studies reveal that optimal
levels of induction by activators depend on a complex array of
positive- and negative-acting factors (4). Positive cofactors are
thought to mediate andyor enhance signals from activation
domains and include components of the GTF machinery such as
TFIIA and TATA box-binding protein (TBP)-associated pro-
teins (TAFIIs) (5–8), mediator protein-containing complexes (4,
7, 9–12), and cofactors derived from the upstream stimulatory
activity (USA) (4, 12, 13). Negative-acting factors in humans
include global repressors of transcription, such as negative
cofactor (NC) 1 (14) and NC2 (also called Dr1yDRAP1) (15,
16), that may restrict or repress the intrinsic activity of the
general RNAP II machinery in an activator-reversible manner
(4, 8, 13). Indeed, NC2 was initially identified as an activity
present in HeLa nuclear extracts (NEs) that, at low concentra-
tions, selectively repressed basal transcription but not Sp1-
activated transcription in a human cell-free system reconstituted
with partially purified factors (15). In addition, there is evidence
in yeast and mammalian cells that activation of certain class II
genes involves reversal of NC2-mediated repression (17–22).

The enormous complexities involved in RNAP II transcrip-
tional regulation constitute a major impediment for definitive
biochemical studies on underlying molecular mechanisms. It has

become evident that composition, factor concentration, and
factor stoichiometry are critical parameters that determine both
the overall activator responsiveness of cell-free systems and their
dependency on various cofactor activities. Matters are further
complicated by the fact that GTFs, DNA-binding regulatory
factors, and their cofactors are subject to posttranslational
modifications such as phosphorylation, acetylation, and poly-
(ADP-ribosyl)ation (23–29) and that both protein kinase and
protein acetylase activities are present in the general transcrip-
tion machinery and in certain cofactor complexes (1, 2, 7, 30).

A paradigm for the regulation of transcription factor activity
by protein kinases is the reversible phosphorylation of the
C-terminal domain (CTD) within the large RPB1 subunit of
RNAP II (31). Eukaryotic cells contain two major forms of
RNAP II, an unmodified or hypophosphorylated IIA form and
a heavily phosphorylated IIO form (32, 33). RNA synthesis is
catalyzed by RNAP IIO both in vitro and in vivo (33–35), whereas
RNAP IIA appears to be preferentially assembled into preini-
tiation complexes (PICs) in vitro (36–38). Notably, CTD phos-
phorylation in vitro before PIC assembly by several CTD kinases,
including casein kinase II, TFIIH, and CDK8, has been shown to
inhibit RNAP II transcription activity (37, 39–41). This has led
to the proposal that RNAP II cycles between the IIA and IIO
forms during consecutive initiation events (31). In support of this
idea, the human counterpart of a CTD phosphatase that is
globally required for RNAP II transcription in yeast (42) recently
has been shown to stimulate transcription in a human cell-free
system reconstituted with highly purified components (43).

Compared with more defined reconstituted cell-free systems,
NEs may provide more natural conditions to study factor
requirements for transcription activation in vitro because they
contain a complement of nuclear factors closer to the physio-
logical situation. Here, we report results of studies designed to
determine whether NC2-mediated repression of basal GTF
activity contributes to optimal transcription induction in unfrac-
tionated human NEs. Surprisingly, we find that depletion of NC2
results in a dramatic reduction of activated transcription, with
little or no effect on basal transcription activity. Moreover, we
further demonstrate that the loss of activator function is caused
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to a large extent by selective removal of CTD-phosphorylated
RNAP IIO along with NC2. Our data suggest that in HeLa NE,
CTD-hyperphosphorylated RNAP IIO is quantitatively associ-
ated with NC2 and is required for activator function.

Materials and Methods
Promoter Constructs. The G5Ad2ML template pTOG5ML(251y
162) has been described (44). pEC(2111y180),
pTOHIV(233y180), and pTOHIV(233y168) were con-
structed by insertion of HIV-1 long-terminal repeat promoter
sequences (45) into the multiple cloning site of pGEM7Zf(1y2)
(Promega). pTOG5HIV(233y180) was obtained by insertion of
a BamHI fragment containing five GAL4 binding sites derived
from pYKG5E4T (46) upstream of the HIV-1 promoter in
pTOHIV(233y168).

NEs and Proteins. Extracts and purified proteins were stored in BC
buffer (20 mM TriszHCl, pH 7.9 at 4°Cy20% glyceroly0.2 mM
EDTA, pH 8.0y10 mM b-mercaptoethanoly0.5 mM PMSF)
containing 0.1 M KCl. HeLa NEs were prepared as described
(47). HeLa NE lacking NC2 was prepared by immunoaffinity
chromatography on protein A-Sepharose CL4B (Amersham
Pharmacia) covalently crosslinked to polyclonal anti-NC2b an-
tibody. Immunodepletions were carried out in BC buffer con-
taining 0.5 M KCl and 0.1% NP-40.

6His:TBP and GAL4-VP16 were expressed in Escherichia coli
and purified as described (46). Bacterially expressed 6His:NC2a
and 6His:NC2b were purified on Ni21- nitrilotriacetic acid resin
under denaturing conditions, mixed in equimolar amounts, and
dialyzed in BC-100 to reconstitute 6His:rNC2. Next, the mixture
was loaded onto Heparin Sepharose CL6B (Amersham Phar-
macia) and eluted with a linear gradient from 0.1 to 0.5 M KCl
in BC buffer. 6His:rNC2 complex-containing fractions were
pooled, dialyzed in BC-100, loaded onto a FPLC MonoS column,
and eluted with a linear gradient from 0.1 to 0.5 M KCl in BC
buffer.

RNAP II from HeLa nuclear pellet was prepared as described
(48, 49) with the following modification: after precipitation with
(NH4)2SO4, the precipitate was dissolved in TGED buffer (50
mM TriszHCl, pH 7.9 at 4°Cy25% glyceroly0.5 mM EDTAy0.5
mM EGTAy2 mM DTTy0.5 mM PMSFy5 mg/ml aprotininy2
mg/ml pepstatiny5 mg/ml leupeptin), and the (NH4)2SO4 con-
centration was adjusted to 1.2 M (TGED-1200). The material
was loaded onto an 15-ISO (isopropyl) SOURCE (Amersham
Pharmacia) column and eluted with a linear gradient from 1.2 M
to 0 M (NH4)2SO4. RNAP II-containing fractions were identi-
fied by immunoblot analysis, pooled, and dialyzed in TGED-60
until the conductivity corresponded to TGED-80. The material
then was loaded on a DEAE Sepharose FF (Amersham Phar-
macia) column, and step-eluted with TGED-600. The resulting
RNAP II preparation was about 30% pure, contained IIO, IIA,
and IIB forms (see Fig. 3D), and was free of GTFs and
SRByMED components.

Coimmunodepletion of RNAP IIO with 6His:rNC2. RNAP II purified
from HeLa nuclear pellet was incubated in the absence or
presence of 6His:rNC2 in BC-300 containing 0.1% NP-40, 10
mM Na3VO4, and 10 mM NaF for 6 h at 4°C under constant
agitation. Next, anti-NC2b antibody was added, and the solu-
tions were further incubated for 2 h at 4°C. Finally, protein
Sepharose A beads were added, the solutions were incubated 2 h
at 4°C, and immunoprecipitates were recovered by low-speed
centrifugation.

In Vitro Transcription. Standard 60-min in vitro transcription
reactions were performed as described (46). In single-round
experiments, reactions were preincubated at 30°C for 60 min in
the absence of NTPs to allow for PIC formation. Transcription

was initiated by addition of NTPs and stopped after 1-min
incubation at 30°C.

Results
Depletion of NC2 from HeLa NEs Selectively Reduces Activator-
Dependent Transcription But Does Not Affect Basal Transcription
Levels. HeLa NEs lacking NC2 (NE[DNC2b]) were obtained by
immunoaffinity chromatography on an anti-NC2b antibody col-
umn and compared with untreated NE in multiple-round and
single-round transcription assays using HIV-1 long-terminal
repeat promoter templates (Fig. 1). Transcription was analyzed
by using plasmid templates containing the HIV-1 core promoter
sequences from 233 to 180 in conjunction with either the

Fig. 1. Immunodepletion of NC2 selectively reduces activated transcription
in HeLa NE. Transcription reactions (20 ml) contained 25 mg NE proteins, 50
fmol of each promoter template, and 20 ng of recombinant GAL4-VP16.
Transcripts were analyzed by primer extension and visualized by autoradiog-
raphy and PhosphorImaging. The positions of primer extension products
corresponding to correctly initiated transcripts are indicated. Relative
amounts of specific transcripts and fold activations are based on Phosphor-
Imager quantitation. (A) Schematic representation of promoter constructs
used in this study. (B) Multiple-round transcription reactions were carried out
for 60 min in the presence of NTPs (*). Strong enhancer-dependent HIV-1
transcription occasionally resulted in the generation of additional bands that
obscured transcripts from the enhancer-less HIV-1(233y168) promoter tem-
plate (B, lane 1). In these cases, fold activation of transcription was calculated
from absolute amounts of HIV-1(233y168) basal transcription observed in the
presence of the G5HIV(233y180) construct in the absence of GAL4-VP16 (B,
lanes 3 and 4). (C) Single-round transcription reactions were stopped 1 min
after addition of NTPs.

Castaño et al. PNAS u June 20, 2000 u vol. 97 u no. 13 u 7185

BI
O

CH
EM

IS
TR

Y



natural HIV-1 enhancer sequences from 234 to 2111 or with an
artificial enhancer region comprised of five GAL4 binding sites
(Fig. 1 A). Fold stimulation of HIV-1 core promoter activity by
transcription activators was determined by parallel primer ex-
tension analysis (using the same radiolabeled oligonucleotide) of
absolute transcription levels from enhancer-containing HIV-1
promoter constructs and from an enhancer-less reference plas-
mid carrying HIV-1 core promoter sequences from 233 to 168.
Basal transcription levels obtained from plasmid templates
containing HIV-1 core promoter sequences from 233 to 180 or
from 233 to 168 were indistinguishable (Fig. 1B, lanes 3 and 4).

We found by deletion analysis that the HIV-1 enhancer region
from 234 to 2111, containing three binding sites for Sp1 and
two binding sites for NFkB (50), is sufficient for maximal HIV-1
transcription from naked DNA templates in HeLa NEs (data not
shown). As evident from Fig. 1, HIV-1 core promoter activity in
HeLa NE was stimulated more than 400-fold in the presence of
the minimal HIV-1 enhancer (using Sp1 and NFkB present in
HeLa NE; Fig. 1B, lane 1), and more than 200-fold with
GAL4-VP16 in the presence of five GAL4 binding sites (Fig. 1B,
lane 5). Interestingly, absolute levels of activated transcription
were 3-fold higher with Sp1yNFkB than with GAL4-VP16 in
standard 60-min transcription assays, whereas GAL4-VP16 and
Sp1yNFkB supported similar levels of activated transcription in
single-round transcription experiments (compare Fig. 1B, lanes
1 and 5 with Fig. 1C, lanes 1 and 5). This may indicate that
GAL4-VP16 and SP1yNFkB stimulate various steps of the
transcription reaction differentially.

Surprisingly, depletion of NC2 from HeLa NE had little or no
effect on HIV-1 core promoter activity but selectively reduced
activated transcription levels (Fig. 1 B and C), with Sp1yNFkB-
activated transcription being affected to a somewhat greater
extent ('20-fold, Fig. 1B, lanes 1 and 2) than GAL4-VP16-
activated transcription (3- to 5-fold, Fig. 1B, lanes 5 and 6).
Activated transcription levels in NE[DNC2b] were reduced to a
similar extent in single- and multiple-round transcription assays
(compare Fig. 1 B and C), indicating that NC2 depletion affected
activator function mainly at the level of productive PIC forma-
tion. Taken together, these observations suggested that in un-
fractionated HeLa NEs NC2 is not required for efficient repres-
sion of basal transcription but is associated with an activity
required for high levels of transcription activation.

NC2 Depletion from HeLa NE Coincides with Selective Removal of the
CTD-Hyperphosphorylated RNAP IIO Form. To investigate the loss of
activator function in NE[DNC2b], we examined the protein
levels of GTFs, activators, and known coactivator activities in
untreated HeLa NE, NE[DNC2b], and glycine eluates of the
anti-NC2b antibody column by immunoblot analysis. As evident
in Fig. 2, NC2a was efficiently depleted along with NC2b,
suggesting that NC2a (DRAP1) is quantitatively associated with
NC2b (Dr1) in HeLa NEs (lanes 4–6). Sp1, NFkB, USF
(upstream stimulatory factor), and the GTFs TBP, TFIIB, -IIE,
-IIF, and -IIH were not retained on the anti-NC2b antibody
column (lanes 1–6). These results suggested that NC2 depletion
from NE did not significantly affect the protein levels of
GTFs or transcription activators that mediate HIV-1 enhancer
function.

Next, we examined the protein levels of known coactivators.
Although minute amounts of TAFII100 and TAFII20y15 were
detected in the anti-NC2b column eluate, the NE levels of these
TAFIIs were essentially unaffected (Fig. 2, lanes 1–3). In contrast
to the control NE, NE[DNC2b] was found to be devoid of the
inactive phosphorylated form Fig. 2 (upper band) of PC4 (13)
but contained an increased level of the active unphosphorylated
form Fig. 2 (lower band) of PC4 (lanes 4–6). Because PC4 was
undetectable in the anti-NC2b column eluate, we attribute the
loss of phosphorylated PC4 in NE[DNC2b] to PC4 dephosphor-

ylation during the experimental procedures rather than to
codepletion with NC2. Interestingly, NC2 depletion also coin-
cided with a significant reduction of hSRB7 protein levels and a
moderate reduction of hSUR2, hMED7, CDK8, and cyclin C
protein levels; and corresponding amounts of these factors were
detected in the anti-NC2b antibody eluate (Fig. 2, lanes 4–6).
These factors were previously identified as components of
mammalian coactivator complexes that are related to SRBy
MED protein-containing coactivator complexes in yeast and that
can mediate activator functions in vitro (4, 7, 9–11, 51). Finally,
and most relevant for this study (see below), we found that
NE[DNC2b] was essentially devoid of CTD-hyperphosphory-
lated RNAP IIO, but contained RNAP IIA and RNAP IIB in
amounts comparable to those found in untreated NE (Fig. 2,
lanes 7–18). Importantly, corresponding amounts of RNAP IIO
were detected in the anti-NC2b antibody column eluate. Taken
together, our analysis revealed that NC2 depletion coincided
with a partial depletion of SRByMED-protein complex compo-
nents and a selective and quantitative depletion of RNAP IIO.

The CTD-Phosphorylated Form of RNAP II Is Required for Activator
Function in Unfractionated HeLa NE. The results of the immunoblot
analysis pointed to a deficiency in SRByMED protein-
containing coactivator complexes andyor RNAP IIO as possible

Fig. 2. Immunoblot analysis of untreated HeLa NE and NC2b-depleted HeLa
NE (NE[DNC2b]). Equal amounts of NE protein (30 mg) and 10 ml of anti-NC2b

column eluate were subjected to 4–16% gradient SDSyPAGE, transferred to
nitrocellulose, and analyzed with antibodies to the proteins indicated. Various
antibodies were used to test for the presence of the large RPB1 subunit of
RNAP II. mAb 8WG16 (Babco, Richmond, CA) is specific for the CTD and detects
mainly the unphosphorylated, CTD-containing RNAP IIA form (lanes 7–9). The
polyclonal antibody N-20 (Santa Cruz Biotechnology) recognizes an epitope
located at the N terminus of RPB1 and therefore detects CTD-containing (IIA,
IIO) and CTD-less (IIB) RPB1 (lanes 10–12). mAbs H5 and H14 (Babco) detect
only the phosphorylated IIO form of the CTD and are specific for phospho-
serine 2 (H5; lanes 13–15) and phosphoserin 5 (H14; lanes 16–18).
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cause for the limited activator responsiveness in NE[DNC2b].
Indeed, earlier immunoprecipitation studies already had indi-
cated coactivator functions of hSRB7 andyor associated factors
in HeLa NEs (46). However, we found that addition of RNAP
II purified from HeLa nuclear pellet was sufficient to selectively
stimulate activated, but not basal, HIV-1 transcription levels in
NE[DNC2b] (Fig. 3A). Immunoblot analysis revealed that this
RNAP II preparation contained a mixture of RNAP IIO, IIA,
and IIB forms (Fig. 3D) and was free of GTFs and SRByMED
protein-containing coactivator complex components that were
partially depleted in NE[DNC2b] (data not shown). Given that
NE[DNC2b] was selectively depleted of the RNAP IIO form
(Fig. 2), this implied that transcription activation in NE[DNC2b]
was stimulated by RNAP IIO present in our RNAP II
preparation.

Addition of highly purified recombinant NC2 (6His:rNC2, Fig.
3B) in amounts comparable to those present in untreated HeLa
NE (0.5 ng NC2ymg NE protein; data not shown) to NE[DNC2b]
had little or no effect on basal or activated transcription levels,
either in the absence or presence of added purified RNAP II
(Fig. 3C, lanes 2–5). However, equal amounts of 6His:rNC2
strongly repressed transcription in a system reconstituted with
highly purified GTFs and RNAP II (data not shown). Efficient
repression in NEs required 10-fold higher 6His:rNC2 amounts
(5 5 ng NC2ymg NE protein) as compared with the reconstituted
system and affected basal and activated transcription to the same
extent, consistent with previous observations (ref. 52, data not
shown). Taken together, these findings suggested that NC2 is not

required to support high levels of transcription activation in
HeLa NE.

This conclusion raised the question whether depletion of
RNAP IIO along with NC2 may have been caused fortuitously,
for example by cross-reactivity of the anti-NC2b antibody toward
an RNAP IIO-associated factor distinct from NC2. To address
this issue, purified RNAP II containing forms IIO, IIA, and IIB
was preincubated in the presence and absence of 6His:rNC2, and
subsequently immunoprecipitated with anti-NC2b antibody
(Fig. 3D). Immunoblot analysis of the bound and unbound
fractions revealed efficient and selective depletion of RNAP IIO
that absolutely depended on preincubation with 6His:rNC2.
Although minute amounts of RNAP IIA were detectable in the
anti-NC2b immunoprecipitate, similar amounts of RNAP IIA
also were retained in the absence of 6His:rNC2 (Fig. 3D, lane 4
versus lane 6) and indicate weak nonspecific interactions with the
antibody or the protein A beads. We therefore conclude that
NC2 interacts selectively with CTD-hyperphosphorylated
RNAP IIO and, further, that RNAP IIO in HeLa NE is
quantitatively associated with NC2.

Although partial depletion of SRByMED protein complex
components may have contributed to the loss of activator
responsiveness in NE[DNC2b], our results strongly suggested
that high levels of transcription activation in unfractionated
human NEs requires (i) RNAP IIO or (ii) an RNAP IIO-
associated coactivator activity present in RNAP II purified from
HeLa nuclear pellet. To distinguish these possibilities, hypo-
phosphorylatedyunmodified RNAP IIA and CTD-phosphory-
lated RNAP IIO were purified to near homogeneity (Fig. 4 A
and B), from a cell line expressing a FLAG epitope-tagged
RNAP II subunit, by an immunoaffinity procedure similar to
that described previously (53) and then tested for their ability to
restore activator function in NE[DNC2b]. As shown in Fig. 4C,
selective stimulation of activator-dependent HIV-1 transcription
in NE[DNC2b] was observed either with conventionally purified
RNAP II containing RNAP IIO (Fig. 3D, lane 2) or with
immunoaffinity-purified RNAP IIO, but not with immunoaffin-
ity-purified RNAP IIA. These data demonstrate that RNAP II
requires CTD phosphorylation to efficiently mediate activator
functions in NE and suggest that regulation of RNAP II activity
via reversible CTD phosphorylation might be more complex
than previously proposed.

Discussion
NC2 Depletion Does Not Affect Basal Transcription Levels in Unfrac-
tionated HeLa NEs. Previous observations suggested that high
levels of transcription induction by transcription activators may
involve, at least in part, alleviation from NC2 repression (7, 8, 13,
17–19). However, depletion of NC2 from HeLa NE had no
appreciable effect on basal transcription levels (Fig. 1). Although
this result is inconsistent with a major role of NC2 in restricting
basal transcription in unfractionated human NEs, it does not
exclude important physiological functions of NC2 as a negative
regulator of transcription through the previously proposed
mechanism involving direct interactions with TBP (TFIID) (52,
54). First, NC2 activity in NEs might be redundant with, and
obscured by, other negative-acting factors (4, 13). Second,
certain coactivator activities that can mediate activator function
in cell-free systems also can repress (basal) transcription. These
include USA components such as PC2, PC3 (topoisomerase I),
PC4 and HMG-1 (13), human SRByMED complex components
(41, 55), and TAFIIs (6, 46). Consequently, it is anticipated that
composition and factor stoichiometry will determine the extent
to which individual NCs (i.e., NC2) affect transcription in
cell-free systems.

Fig. 3. (A) RNAP II purified from HeLa nuclear pellet restores HIV-1 enhancer-
dependent transcription activation in NE[DNC2b]. Standard transcription re-
actions contained 25 mg HeLa NE proteins and were analyzed as described in
the legend to Fig. 1. (B) Purified recombinant 6His:tagged NC2 (6His:rNC2)
after SDSyPAGE and Coomassie staining. (C) Addition of 6His:rNC2 in amounts
comparable to those of NC2 present in untreated HeLa NE does not affect
transcription levels in NE[DNC2b]. (D) 6His:rNC2 selectively interacts with the
CTD-phosphorylated IIO form present in RNAP II purified from HeLa nuclear
pellet. RNAP II immunoprecipitated with anti-NC2b antibodies after preincu-
bation in the absence (lanes 5 and 6) or presence (lanes 3 and 4) of 6His:rNC2.
Twenty percent of input proteins, 50% of the unbound fractions (U), and
100% of the immunoprecipitates (B) were subjected to SDSyPAGE and immu-
noblot analysis. The large RPB1 subunit of RNAP II was analyzed by using
antibodies H5 and N-20 described in the legend to Fig. 2.
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Selective Association of NC2 with CTD-Phosphorylated RNAP IIO.
Immunodepletion of NC2 from NEs resulted in selective and
quantitative depletion of CTD-hyperphosphorylated RNAP IIO
(Fig. 2). Moreover, recombinant NC2 associated selectively with
the IIO form, but not with the IIA or IIB forms, in RNAP II
purified from HeLa nuclear pellet (Fig. 3D). We were unable to
demonstrate any NC2 coactivator functions in our in vitro
transcription assays. However, some human mediator compo-
nents were coimmunoprecipitated with NC2 and RNAP IIO
(Fig. 2) and, in yeast, NC2 is directly linked to the mediatory
RNAP II holoenzyme through the identification of NC2 as a
suppressor of mutations in SRB4 and SRB6 (21). Moreover, a
previous study had indicated dual functions of NC2 in yeast, both
as a repressor at most genes and as a positive cofactor required
for the activation of certain genes (22). In light of these
observations it is tempting to speculate that a subpopulation of
cellular NC2, possibly associated with mediator components,
might function as a positive-acting cofactor in conjunction with
RNAP IIO to activate transcription at certain genes. Further
studies in more defined cell-free systems will be needed to clarify
the functional relevance of the observed NC2 interactions with
RNAP IIO.

CTD-Hyperphosphorylated RNAP IIO Is Required for Activated Tran-
scription in HeLa NEs. Earlier studies had demonstrated an im-
portant role of reversible CTD phosphorylation in the regulation
of RNAP II transcription activity. RNAP II actively engaged in
transcription is highly phosphorylated both in vitro and in vivo
(33–35). In cell-free systems, purified hypophosphorylated
RNAP IIA can be efficiently assembled into functional PICs
(36–38) and is heavily phosphorylated by the CTD kinase
activity of TFIIH (31, 56) during the transition from transcrip-
tion initiation to elongation. The fact that CTD phosphorylation
before PIC formation can inhibit the transcription activity of
purified RNAP IIA (37, 39–41) suggested that RNAP II cycles
between the IIA and IIO forms, and that RNAP IIA is the form
required for transcription initiation complex formation (31). In
contrast, our data suggest that high levels of activated transcrip-
tion in unfractionated HeLa NEs are not supported by the
RNAP IIA and IIB forms, but require the presence of RNAP
IIO (Fig. 4). How can we reconcile our observations with the
results of earlier studies?

First, it should be pointed out that, although in vitro phos-
phorylation of purified RNAP IIA by CDK8, TFIIH, or casein
kinase II before PIC assembly inhibits subsequent RNAP II
function, natural RNAP IIO purified from eukaryotic cells is
active in both promoter-independent and promoter-dependent
transcription assays in vitro (36, 53, 57). Consequently, CTD
hyperphosporylation per se is not necessarily inhibitory for
RNAP II transcription activity. Furthermore, given that the
RNAP II CTD in mammals contains 52 tandem repeats of the
consensus heptamer YSPTSPS and that five of the seven resi-
dues within this sequence are potential targets for numerous
protein kinases (31, 58), excessive phosphorylation of purified
RNAP IIA through a particular CTD kinase in vitro may be of
little physiological relevance. Regulation of RNAP II function
through CTD kinases and phosphatases in vivo may involve
instead very specific and perhaps quite subtle qualitative changes
in the CTD phosphorylation pattern that might not be readily
detectable in SDSyPAGE analyses (58).

Second, although RNAP IIO purified from eukaryotic cells
appeared to be less active than purified RNAP IIA in earlier
studies using partially purified factors, recent studies in cell-free
systems reconstituted with highly purified factors found no
difference between purified RNAP IIO and RNAP IIA in either
basal (43, 53) or activated transcription (53). A lower activity of

Fig. 4. (A) Analysis of immunoaffinity-purified RNAP IIO and RNAP IIA by
SDSyPAGE and silver staining. (B) Comparative immunoblot analysis of
immunoaffinity-purified RNAP IIO and RNAP IIA. The large RPB1 subunit of
RNAP II was analyzed by using antibodies H5 (Babco) and N-20 (Santa Cruz
Biotechnologies) described in the legend of Fig. 2. (C) High levels of
transcription activation in human NEs requires CTD-phosphorylated RNAP
IIO. NE[DNC2b] lacking RNAP IIO (Fig. 2) was supplemented with equal
amounts (RPB6 content) of RNAP II purified from HeLa nuclear pellet (lane
3) containing IIO, IIA, and IIB forms (Fig. 3D), immunoaffinity-purified
RNAP IIA (f:RNAP IIA, lane 4), and immunoaffinity-purified RNAP IIO
(f:RNAP IIO, lane 5).

Fig. 5. A working model explaining the requirement of CTD-phosphorylated
RNAP IIO for high levels of transcription activation in unfractionated HeLa
NEs. Transcription by CTD-hyperphosphorylated RNAP IIO and unphosphory-
lated RNAP IIA may be equally repressed by negative (co)factors that are
present in unfractionated HeLa NEs but that are absent in systems reconsti-
tuted with purified components. Transcription activators may selectively stim-
ulate RNAP IIO activity either directly andyor indirectly by reversing the effect
of negative factors (see Discussion).
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purified RNAP IIO as compared with RNAP IIA was observed
only when efficient PIC formation was compromised by changing
the salt conditions of the transcription reaction significantly (43).
Thus, the relative in vitro transcription activities of RNAP IIO
and IIA forms appear to depend on the particular cell-free
system and the reaction conditions. Interestingly, for both
RNAP IIA and RNAP IIO forms, we noted significantly higher
basal transcription activity in a minimal system reconstituted
with highly purified factors than in depleted NEs (data not
shown). This finding may indicate the presence of negatively
acting activities in NEs that repress RNAP II function indepen-
dently of the CTD phosphorylation status. Because activator
function requires RNAP IIO in NEs but appears to be indepen-
dent of CTD phosphorylation in a highly purified reconstituted
transcription system (53), NEs also may contain positive-acting
cofactors specific for RNAP IIO.

In conclusion, our observations may be explained by the
working model outlined in Fig. 5. We propose that the function
of RNAP II in NEs is repressed by negative factors independent
of the phosphorylation status of the CTD. Activators may
selectively reverse repression of RNAP IIO function by negative
factors and, at the same time, selectively stimulate functional PIC
assembly by RNAP IIO, presumably through specific cofactors

that have yet to be identified. It is important to note that the
observed requirement for RNAP IIO to mediate high levels of
activator-dependent transcription in NE and the commonly
accepted model of RNAP II cycling between IIO and IIA forms
during consecutive initiation events are not mutually exclusive.
For example, and consistent with the current dogma, the RNAP
IIO that is active in NEs may be dephosphorylated before or
during PIC formation (before initiation); in this case the pref-
erential function of RNAP IIO over RNAP IIA may reflect the
existence of an obligatory RNAP II recycling pathway that is
only accessible to the RNAP IIO form. Reconstitution of RNAP
IIO-dependent transcription activation in biochemically well-
defined cell-free systems will be required to decipher the de-
tailed molecular mechanisms of transcription regulation via
CTD phosphorylation and to identify the factors involved.
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